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1
OMNIDIRECTIONAL OPTICAL WAVEGUIDE

The United States Government has rights in this invention
pursuant to Contract No. DE-AC52-07NA27344 between the
United States Department of Energy and Lawrence Liver-
more National Security, LLC for the operation of Lawrence
Livermore National Laboratory.

FIELD OF THE INVENTION

The present invention relates to radiation detection, and
more particularly to systems and methods for reducing light
loss in a scintillator material suitable for radiation detection.

BACKGROUND

Conventional scintillator materials excel at detecting inci-
dent radiation of various types according to predetermined
characteristics of the material and/or radiation, notably
including spectral band (wavelength) of the incident radia-
tion. The scintillator material absorbs the radiation, generat-
ing a scintillation event, which emits light into the scintillator
material. Preferably, the light is emitted in the direction of a
detector coupled to the scintillator material, such as a photo-
multiplier, which converts the photon to electrical potential,
generating an observable signal. However, there is an element
of randomness to the direction in which light is emitted from
the scintillation event. While most light emitted from the
scintillator typically undergoes total internal reflection (TIR),
i.e. reflection with 100% efficiency, and therefore reaches the
photomultiplier, in conventional arrangements some light
loss is experienced, reducing the scintillator sensitivity and
resolution.

For example, if the light is emitted in a particular range of
angles close to a direction normal to the orientation of the
scintillator material surface (also known as an “escape
cone”), upon reaching the scintillator-air interface, the light
will escape the scintillator material rather than undergoing
TIR and reaching the photomultiplier. Similarly, light travers-
ing the scintillator material may undergo backscattering
events, e.g. upon light encountering an inclusion or impurity
in the scintillator material. Backscatter events introduce
another opportunity for light to be emitted in a direction that
would result in escape and ultimate signal loss.

In an attempt to improve the sensitivity and resolution of
scintillator materials by reducing losses such as those
described above, some groups have employed reflective scat-
tering approaches, such as can be achieved by wrapping a
scintillator material in a reflective tape (such as Teflon). These
reflective wrapping techniques beneficially reduce the
amount of light that escapes form the scintillator material, but
since the reflective wrappings operate by scattering light
without any significant directional guidance, light propaga-
tion is inefficient, which can also cause undesirable signal
losses.

Other attempts to solve the signal loss problems described
above have employed metallic layers, for example aluminum
having a high reflectance coefficient, typically about 90%, to
reflect escaping light back into a scintillator material. How-
ever, while the metals have high reflectance coefficients, sig-
nal is still lost with each reflectance event, ultimately causing
unacceptable signal loss over a potentially large number of
events in a given experiment. For example, assuming a 90%
reflectance coefficient, the scintillator-metal arrangement
would lose 10% at each reflectance event, which translates to
a loss of half of the original signal with merely 10 events. As
will be appreciated by one having ordinary skill in the art, this

10

15

30

40

45

50

55

60

65

2

fact is severely limiting on the size and therefore suitability
for various applications, of the underlying scintillator mate-
rial.

Accordingly, it would be beneficial to provide systems and
methods for improving scintillator sensitivity and resolution
by reducing signal losses without suffering from the draw-
backs associated with reflective wrapping and metal mirrors
currently in use to address the problem of signal loss.

SUMMARY

In one embodiment, a system includes a scintillator mate-
rial; a detector coupled to the scintillator material; and an
omnidirectional waveguide coupled to the scintillator mate-
rial, the omnidirectional waveguide comprising: a plurality of
first layers comprising one or more materials having a refrac-
tive index in a first range; and a plurality of second layers
comprising one or more materials having a refractive index in
a second range, the second range being lower than the first
range, a plurality of interfaces being defined between alter-
nating ones of the first and second layers.

In another embodiment, a method includes depositing
alternating layers of a material having a relatively high refrac-
tive index and a material having a relatively low refractive
index on a substrate to form an omnidirectional waveguide;
and coupling the omnidirectional waveguide to at least one
surface of a scintillator material.

Other aspects and advantages of the present invention will
become apparent from the following detailed description,
which, when taken in conjunction with the drawings, illus-
trate by way of example the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A depicts a simplified cross-sectional schematic of a
scintillator material undergoing a scintillation event, accord-
ing to the prior art.

FIG. 1B depicts a simplified top-down view the scintillator
material undergoing the scintillation event as shown in FIG.
1A, according to the prior art.

FIG. 2 depicts a simplified cross-sectional schematic of an
omnidirectional waveguide, according to one embodiment.

FIG. 3 depicts a simplified cross-sectional schematic of a
scintillator material surrounded by an omnidirectional
waveguide, the scintillator material undergoing a scintillation
event, according to one embodiment.

FIG. 4A depicts a graphical representation of scintillator
material reflectivity to light as a function of incident angle of
the photon trajectory, according to the prior art.

FIG. 4B depicts a graphical representation of reflectivity of
an omnidirectional waveguide to light emitted from the scin-
tillator material as a function of incident angle of the photon
trajectory, according to one embodiment.

FIG. 5A is a heat map depicting light reflectance in a
transverse electric polarization for a scintillator material sur-
rounded by an omnidirectional waveguide as a function of
incident angle and light wavelength, according to one
embodiment.

FIG. 5B is a heat map depicting light reflectance in a
transverse magnetic polarization for a scintillator material
surrounded by an omnidirectional waveguide as a function of
incident angle and light wavelength, according to one
embodiment.

FIG. 6 is a flowchart of a method, according to one embodi-
ment.
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FIG. 7 is a simplified schematic of a radiation detection
system comprising a scintillator material, according to one
embodiment.

DETAILED DESCRIPTION

The following description is made for the purpose of illus-
trating the general principles of the present invention and is
not meant to limit the inventive concepts claimed herein.
Further, particular features described herein can be used in
combination with other described features in each of the
various possible combinations and permutations.

Unless otherwise specifically defined herein, all terms are
to be given their broadest possible interpretation including
meanings implied from the specification as well as meanings
understood by those skilled in the art and/or as defined in
dictionaries, treatises, etc.

It must also be noted that, as used in the specification and
the appended claims, the singular forms “a,” “an” and “the”
include plural referents unless otherwise specified.

The following description discloses several preferred
embodiments of in-vitro tissue bioreactors and/or related
methods.

The presently disclosed technology demonstrates an omni-
directional waveguide for maximizing total internal reflection
(TIR) in a medium surrounded in whole or in part by the
omnidirectional waveguide. The waveguide is particularly
suitable for radiation-detection applications using scintillator
materials as the detection medium. By surrounding a three-
dimensional scintillator structure in whole or in part with the
omnidirectional waveguide, nearly all light generated by
scintillating events in the scintillator material may be retained
within the structure and directed to a detector due to 99% or
greater reflectance of escaping light back into the scintillator
material, achieved by the omnidirectional waveguide.

In one general embodiment, a system includes a scintillator
material; a detector coupled to the scintillator material; and an
omnidirectional waveguide coupled to the scintillator mate-
rial, the omnidirectional waveguide comprising: a plurality of
first layers comprising one or more materials having a refrac-
tive index in a first range; and a plurality of second layers
comprising one or more materials having a refractive index in
a second range, the second range being lower than the first
range, a plurality of interfaces being defined between alter-
nating ones of the first and second layers.

In another general embodiment, a method includes depos-
iting alternating layers of a material having a relatively high
refractive index and a material having a relatively low refrac-
tive index on a substrate to form an omnidirectional
waveguide; and coupling the omnidirectional waveguide to at
least one surface of a scintillator material.

Referring now to the Figures, exemplary embodiments of
the inventive concepts presented herein will be described
graphically with reference to several schematics, graphs and
flowcharts. The Figures and descriptions are presented by
way of example and are not to be considered limiting in any
way.

Referring now to FIGS. 1A and 1B, a simplified schematic
of'a conventional radiation detector 100 comprising a scintil-
lator material 102 is shown from a cross-sectional view and a
top-down view, respectively. As shown, the scintillator mate-
rial 102 is in the process of undergoing a scintillation event
108 as aresult of being exposed to incident radiation 106 such
as gamma rays, neutrons, etc. as would be understood by one
having ordinary skill in the art upon reading the present
descriptions. According to principles well known in the art,
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the scintillator material absorbs the incident radiation and
emits light in a particular spectral band in response.

The light is preferably emitted in a direction toward a
detector 104 such as a photomultiplier. See, e.g., photon
trajectories 110 as shown in FIG. 1A. The photon trajectories
110 need not be emitted directly toward the detector 104, so
long as the incident angle of the light relative to the scintillator
material surface 112 is sufficient to reflect the photons back
into the scintillator material upon reaching the surface 112, as
shown with photon trajectories 110 in FIG. 1A. Some of the
light is reflected with 100% efficiency (TIR).

However, if the incident angle of the photon trajectory is
sufficiently close to normal with respect to the scintillator
material surface 112, the scintillator material 102 cannot
reflect the photon back in to the scintillator material 102, as is
the case with the photon escaping along trajectory 116. The
range ofincident angle(s) sufficiently close to normal to allow
light to escape define an escape cone 114 with respect to any
given scintillating event 108. The escape cones 114 of any
given conventional scintillator material provide avenues of
escape for light, resulting in undesirable signal loss. This
limitation of the prior art radiation detector systems raises the
detection threshold, meaning that potentially harmful radia-
tion (such as incident radiation 106) may be present but go
undetected because the light emitted by the scintillation event
108 in response to absorbing the incident radiation 106 never
reaches the detector 104. Similarly, radiation may be detected
but the amount falsely believed to be tolerable (low), when in
fact the total amount of radiation present is higher than
reported, the discrepancy being due to losses as described
above. Accordingly, to enable highly sensitive and efficient
radiation detection, it would be advantageous to provide a
radiation detection system that does not suffer from the lim-
iting drawbacks of prior art radiation detectors comprising
scintillator materials, such as shown in FIGS. 1A and 1B.

FIG. 2 depicts a simplified cross-sectional schematic of an
omnidirectional waveguide 200, according to one embodi-
ment. The omnidirectional waveguide embodiment shown in
FIG. 2 is structure comprising an alternating stack of layers
202, 204, each adjacent pair of layers 202, 204 defining an
interface 206 therebetween. Notably, the omnidirectional
waveguide 200 should be at least partially transparent to
incident radiation of a predetermined characteristic and/or
type to allow the scintillator material to absorb the incident
radiation and emit light to the detector. In various embodi-
ments, the predetermined characteristic and/or type may be
defined according a particular spectral range, wavelength,
frequency, particle identity, or other property of the incident
radiation desired to be detected using the radiation detection
system, as would be understood by one having ordinary skill
in the art upon reading the present descriptions.

In one embodiment, the interfaces 206 are configured to
reflect light in a predetermined spectral band, such as escap-
ing photon traveling along photon trajectory 216 as shown in
FIG. 2. The predetermined spectral band can be any range of
wavelengths, but is preferably a range of wavelengths to
which the detector of the radiation detection system is sensi-
tive in order to best prevent signal loss, in some embodiments.
In particularly preferred approaches, the predetermined spec-
tral band includes light having a wavelength in a range from
about 300 nm and about 500 nm, more preferably in a range
from about 375 nm and about 475 nm.

In some embodiments, the alternating layers 202, 204 are
arranged such that first layers 202 have a refractive index in a
first range, and second layers 204 have a refractive index in a
second range, the second range being lower than the first
range. Preferably, the alternating layers 202, 204 are arranged
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such that the refractive indices of any two adjacent layers 202,
204 are highly divergent. Refractive indices are considered
“highly divergent” within the scope of the present descrip-
tions if a difference between the indices is at least 0.1 in one
embodiment, at least 0.2 in a preferred embodiment, and at
least 0.5 in a particularly preferred embodiment.

As will be understood by one having ordinary skill in the
art, refractive index is a property determined largely by the
composition of the material to which the index refers.
Accordingly, the omnidirectional waveguide 200 may be con-
structed of alternating layers 202,204 as described above, and
the layers’ corresponding refractive indices may be defined
by controlling the composition of each respective layer. Any
suitable refractive or reflective material(s) known to those
having ordinary skill in the art may be used in the omnidirec-
tional waveguide 200. Preferably, the material(s) have a
refractive index in a range from about 0.5 to about 2.5, more
preferably from about 0.9 to about 2, and even more prefer-
ably about 1.2 to about 1.8, in various embodiments. As will
be further understood by those having ordinary skill in the art
upon reading the present descriptions, particularly advanta-
geous materials include silicon oxide, aluminum oxide, tita-
nium oxide, hafnium oxide, magnesium fluoride and calcium
fluoride. In some embodiments, the omnidirectional
waveguide may be a dielectric mirror.

The omnidirectional waveguide 200, in preferred embodi-
ments, is configured to reflect atleast 95% of all light entering
the omnidirectional waveguide 200 back into the material
from which the light entered the omnidirectional waveguide
200, such as air, a scintillator material, or any other medium
that would be understood by one having ordinary skill in the
art upon reading the present descriptions. The configuration
may include features such as the refractive indices and alter-
nating layer structure described above, as well as the position
and orientation of the omnidirectional waveguide 200 with
respect to the source of the light to be reflected. In various
approaches, the number of layers 202, 204 may be in a range
of 2 to 100. In addition, the configuration may include fea-
tures such as the number of layers in the omnidirectional
waveguide 200 being not less than a minimum number, such
as ten, twenty, or thirty layers, in various embodiments.

In additional and/or alternative embodiments, the layer
configuration of the omnidirectional waveguide may be
designed to produce constructive interference in the reflec-
tance of any photons escaping the scintillator material and
entering the omnidirectional waveguide 200. In one particu-
lar approach, this configuration may include constructing the
omnidirectional waveguide such that an optical path difter-
ence at any given interface 206 between layers 202, 204 is a
multiple of A/2, where A is a wavelength of the light in a
material from which the layer is composed. This may be
accomplished, for example, by ensuring some or all of the
layers of the omnidirectional waveguide 200 have a thickness
t no less than A/4.

In even more preferred embodiments, the omnidirectional
waveguide 200 the omnidirectional waveguide is configured
to reflect light over an entire angular domain from -90
degrees to 90 degrees, as can be seen in FIG. 4B, discussed in
further detail below. The ability to reflect light over the entire
angular domain is critical to ensuring minimal signal losses,
since reflecting light independent of the angle with which it
approaches the omnidirectional waveguide 200 essentially
eliminates the existence of escape cones such as escape cone
114 shown in FIGS. 1A and 1B.

Moreover, the omnidirectional waveguide may be charac-
terized by a transverse magnetic (TM) polarization reflectiv-
ity of approximately 1.0 at a waveguide-air interface for light
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generated by a scintillating event and having an incident
angle 0., selected from: a first range of approximately
-90°<0,,,<-30°, a second range of approximately
-20°<0,,,<20°, and a third range of approximately
30°=04,,<90°. Similarly, the omnidirectional waveguide may
be characterized by a transverse electric (TE) polarization
reflectivity of approximately 1.0 at a waveguide-air interface
for light generated by a scintillating event and having an
incident angle 0, selected from: a first range of approxi-
mately —90°<6,,.<-30°, a second range of approximately
-15°<0,5<15° and a third range of approximately
30°=0,,<90°. These relationships can also be viewed in FIG.
4B, described in further detail below.

Referring now to FIG. 3, a simplified cross-sectional sche-
matic of a radiation detection system 300 comprising a scin-
tillator material 302 surrounded by an omnidirectional
waveguide 320 is shown, according to one embodiment. The
omnidirectional waveguide 320 may have a structure substan-
tially similar to that described above with reference to FIG. 2,
in various approaches.

The scintillator material 302 may include any scintillator
material, including organic polymers, crystals, and any other
type of scintillator known to those having ordinary skill in the
art. In various embodiments, for example, the scintillator
material may include inorganic crystal-based materials such
as cesium iodide, thallium-doped sodium iodide, europium-
doped strontium iodide, thallium-doped cesium iodide,
sodium-doped cesium iodide, barium fluoride, europium-
doped calcium fluoride, gold-doped zinc sulfide, cerium-
doped lanthanum chloride, cerium-doped lanthanum bro-
mide, cerium-doped YAG (Y;Al0,,); organic crystals such
as anthracene, stillbene, naphthalene, polyethylene naphtha-
late; bases such as polyvinyltoluene (PVT), polystyrene (PS),
polymethylmethacrylate (PMMA), polyvinyl xylene (PVX);
fluors such as polyphenyl hydrocarbons, oxazoles, oxadiaz-
ole aryls, n-terphenyl (PPP), 2,5-diphenyloxazole (PPO), 1,4-
di-(5-phenyl-2-oxazolyl)-benzene (POPOP), 2-phenyl-5-(4-
biphenylyl)-1,3,4-oxadiazole  (PBD), and 2-(4'-tert-
butylphenyl)-5-(4"-biphenylyl)-1,3,4-oxadiazole (B-PBD),
etc. as would be understood by one having ordinary skill in
the art upon reading the present descriptions.

As shown in FIG. 3, the scintillator material 302 is under-
going a scintillation event 308 pursuant to absorbing incident
radiation 306. The scintillation event 308 causes light to be
emitted from the scintillator material 302. Preferably, the
light is emitted toward a detector 304 coupled to the scintil-
lator material 302 either directly or at an angle suitable for the
photon to undergo TIR within the scintillator material 302 en
route to the detector 304, such as is the case for photon
traveling along photon trajectory 310. However, as described
above regarding FIGS. 1A and 1B, light may be emitted at an
angle falling within an escape cone 314, and thus escape the
scintillator material 302 upon reaching the boundary of the
scintillator material 302, such as is the case for photons trav-
eling along photon trajectories 316 and 318, respectively.

Escaping photon traveling along photon trajectory 316 is
similar to escaping photon traveling along photon trajectory
116 shown in FIGS. 1A and 1B. A photon traveling along
trajectory 316 is emitted from the scintillator material 302 at
an angle sufficiently close to normal to an outer surface (e.g.
an edge, side, etc.) of the scintillator material 302 that the
photon traverses the boundary between the scintillator mate-
rial 302 and the omnidirectional waveguide 320, and is
refracted into the omnidirectional waveguide 320. Light
emitted by the scintillator material 302 is emitted in a prede-
termined spectral range, which may be a function of the
material from which the scintillator material is composed, as
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would be understood by one having ordinary skill in the art
upon reading the present descriptions. Accordingly, the omni-
directional waveguide 320 is preferably configured to reflect
light having a wavelength within the spectral range of light
emitted by the scintillator material 302.

Since the omnidirectional waveguide 320 of the illustrative
embodiment shown in FIG. 3 is configured to reflect light
having a wavelength within the spectral range of light emitted
by the scintillator material 302, a photon traveling along
photon trajectory 316 may pass through one or more layers of
the omnidirectional waveguide 320. However, the photon
traveling along photon trajectory 316 is ultimately reflected at
one of the interfaces between the alternating layers at least in
part as a result of the highly divergent refractive indices of the
layers defining the interface.

Similarly, the omnidirectional waveguide 320 prevents
substantially all losses of light due to backscatter. More par-
ticularly, if light is backscattered from a scintillation event at
an angle within an escape cone 314, the light may be lost (i.e.
not reach the detector 304) without being reflected back into
the scintillator material 302. This is the case for escaping
backscatter trajectory 318, as shown in FIG. 3. Since the
omnidirectional waveguide 320 surrounds all sides, exterior
surfaces, etc. of the scintillator material 302 except a side/
surface of the scintillator material coupled to the detector 304,
even backscattered light such as backscatter trajectory 318 is
reflected back into the scintillator material 302 and ultimately
to the detector 304.

In this manner, the vast majority of light losses may be
avoided and light emitted by the scintillator material 302 can
be transmitted to the detector 304 with very high efficiency,
increasing signal strength and sensitivity of the radiation
detector system 300. In preferred embodiments, the detector
304 receives at least 80% of the light emitted by the scintil-
lator material 302, in more preferred embodiments at least
90% of the light emitted by the scintillator material 302, and
in particularly preferred embodiments at least 99% of the
light emitted by the scintillator material 302.

Similarly, in various embodiments the omnidirectional
waveguide is configured to reflect at least 80% of light enter-
ing the omnidirectional waveguide 320 from the scintillator
material 302, preferably at least 90% of light entering the
omnidirectional waveguide 320 from the scintillator material
302, more preferably at least 95% of light entering the omni-
directional waveguide 320 from the scintillator material 302,
and particularly preferably at least 99% of light entering the
omnidirectional waveguide 320 from the scintillator material
302.

The omnidirectional waveguide reflects light back into the
scintillator material 302 especially well when the radiation
detection system 300 is configured such that the layer of the
omnidirectional waveguide closest to the scintillator material
has a refractive index highly divergent from a refractive index
of the scintillator material. Thus, if the scintillator material is
characterized by a low refractive index (e.g. RI<1.2), then a
refractive index of the layer of the omnidirectional waveguide
closest to the scintillator material is preferably a high refrac-
tive index (e.g. RIz1.4). Conversely, if the scintillator mate-
rial is characterized by a high refractive index (e.g. R1=1.4),
then a refractive index of the layer of the omnidirectional
waveguide closest to the scintillator material is preferably a
low refractive index (e.g. RI=1.2).

FIG. 4A depicts a graphical representation of scintillator
material reflectivity to light as a function of incident angle of
the photon trajectory, according to the prior art. Most notably,
typical scintillator materials are not reflective over the entire
angular domain, and an escape region 402 exists in an angular
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domain near normal incident angle (0 degrees). As shown in
FIG. 4A, the escape region 402 encompasses incident angles
in a range from approximately —15 degrees to approximately
15 degrees, corresponding to an approximately 30 degree
escape cone such as shown in FIGS. 1A-1B. For reasons
explained above, the existence of the escape region 402 is
undesirable.

By contrast, FIG. 4B depicts a graphical representation of
reflectivity of an radiation detection system including an
omnidirectional waveguide to reflect light emitted from a
scintillator material, according to one embodiment (such as
shown in FIG. 3). The reflectivity is shown as a function of
incident angle of the photon trajectory. Again, the reflectivity
profile shown in FIG. 4B is devoid of any escape windows
402 such as shown in FIG. 4A, reinforcing the notion that the
waveguide is truly omnidirectional, i.e. reflects light over the
entire angular domain (=90 degrees to 90 degrees, where 0
degrees is normal to the surface forming a boundary between
the omnidirectional waveguide and air).

Moreover, the radiation detection system achieves total
internal reflection over nearly the entire angular domain for
both a transverse magnetic (TM) polarization and a transverse
electric (TE) polarization. Specifically, the radiation detec-
tion system may be characterized by a TM polarization reflec-
tivity of approximately 1.0 at a waveguide-air interface for
light generated by a scintillating event and having an incident
angle 0,,, selected from: a first range of approximately
-90°<0,,,<-30°, a second range of approximately
-20°<0,,,<20°, and a third range of approximately
30°=0,,<90°. Similarly, the radiation detection system may
be characterized by a TE polarization reflectivity of approxi-
mately 1.0 at a waveguide-air interface for light generated by
a scintillating event and having an incident angle 6, selected
from: a first range of approximately —90°<0 ,,=-30°, a sec-
ond range of approximately —15°<0,,=<15°, and a third range
of approximately 30°<6,,<90°.

This relationship can also be viewed from the heat maps
shown in FIGS. 5A and 5B, which generally show the reflec-
tivity of one embodiment of the inventive radiation detection
system described herein according to light wavelength and
incident angle. FIG. 5A illustrates the relationship for the
transverse electric polarization, and FIG. 5B similarly illus-
trates the relationship for the transverse magnetic polariza-
tion.

The system, according to the embodiment represented by
FIGS. 5A and 5B, exhibits total internal reflection over nearly
the entire angular domain for light in a spectral range from
about 300 nm to about 500 nm in both polarizations (as shown
by the solid dark grey region in the right half of each heat map,
as well as in the photonic band gap, indicated by the curved
dark grey region on the left half of each heat map). While the
system does not necessarily exhibit TIR over the entire angu-
lar domain for the entire spectral range, the system is none-
theless very highly reflective to light within the spectral range
and over the entire angular domain.

FIG. 6 is a flowchart of a method 600 for fabricating a
radiation detection system commensurate in scope with the
presently described inventive concepts, according to one
embodiment. The method 600 may be performed in any suit-
able environment, including those shown in FIGS. 2-3, 4B-5
and 7, among others, in various approaches.

Method 600 includes operation 602, where alternating lay-
ers of a material having a relatively high refractive index and
a material having a relatively low refractive index are depos-
ited on a substrate to form an omnidirectional waveguide.
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Method 600 also includes operation 604, where the omni-
directional waveguide is coupled to at least one surface of a
scintillator material.

In various approaches, the method may include additional
and/or alternative limitations and/or operations. For example,
in some embodiments the coupling comprises bonding the
omnidirectional waveguide to every surface of the scintillator
material except a surface of the scintillator material coupled
to a photomultiplier.

In more embodiments, the depositing comprises one or
more of electron-beam evaporation, sputtering, atomic layer
deposition, chemical vapor deposition, ion-beam deposition,
etc. as would be understood by one having ordinary skill in
the art upon reading the present descriptions.

General Scintillator System

FIG. 7 depicts a simplified spectroscopy system according
to one embodiment. The system 700 comprises a scintillator
702, such as of a type described herein, and which is typically
crystalline. Scintillators may also be referred to as scintillator
optics, scintillator crystals, etc. The system 700 also includes
a photodetector 704, such as a photomultiplier tube, which
can detect light emitted from the scintillator 702, and detect
the response of the material to at least one of neutron and
gamma ray irradiation.

The scintillator 702 produces light pulses upon occurrence
of'an event, such as a gamma ray or other radiation engaging
the scintillator 702. As the gamma ray, for example, traverses
the scintillator 702, photons are released, appearing as light
pulses emitted from the scintillator 702. The light pulses are
detected by the photodetector 704 and transduced into elec-
trical signals that correspond to the pulses. The type of radia-
tion can then be determined by analyzing the integral of the
light pulses and thereby identifying the gamma ray energy
absorbed by the scintillator.

In some embodiments, the system 700 may be, further
comprise, or be coupleable/coupled to, a processing device
706 for processing pulse traces output by the photodetector
704. In other embodiments, the system 700 may include a
processing device that receives data from a photodetector that
is not permanently coupled to the processing device. [llustra-
tive processing devices include microprocessors, field pro-
grammable gate arrays (FPGAs), application specific inte-
grated circuits (ASICs), computers, etc.

The result of the processing may be output and/or stored.
For example, the result may be displayed on a display device
708 in any form, such as in a histogram or derivative thereof.

Practical Applications

Embodiments of the present invention may be used in a
wide variety of applications, and potentially any application
in which high light yield and/or high resolution is useful.

Tlustrative uses of various embodiments of the present
invention include, but are not limited to, applications requir-
ing radiation detection. Search, surveillance and monitoring
of radioactive materials are a few such examples. Various
embodiments can also be used in the nuclear fuel cycle,
homeland security applications, nuclear non-proliferation,
medical imaging, high energy physics facilities, etc.

Yet other uses include detectors for use in treaty inspec-
tions that can monitor the location of radiation sources in a
nonintrusive manner. Further uses include implementation in
detectors on buoys, at maritime ports, cargo interrogation
systems, and instruments that emergency response personnel
can use to detect or search for a clandestine radiation source.
Assessment of radiological dispersal devices is another appli-
cation.
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Further embodiments may include medical radiation
detectors, e.g., to identify radioactive isotopes in patients (e.g.
PET scanners) and for x-ray radiography.

While various embodiments have been described above, it
should be understood that they have been presented by way of
example only, and not limitation. Thus, the breadth and scope
of an embodiment of the present invention should not be
limited by any of the above-described exemplary embodi-
ments, but should be defined only in accordance with the
following claims and their equivalents.

What is claimed is:

1. A system, comprising:

a scintillator material;

a detector coupled to the scintillator material; and

a waveguide coupled to the scintillator material, the

waveguide comprising:

a plurality of first layers comprising one or more mate-
rials having a refractive index in a first range;

a plurality of second layers comprising one or more
materials having a refractive index in a second range,
the second range being lower than the first range, and

a plurality of interfaces being defined between alternat-
ing ones of the first and second layers,

wherein the one or more materials of the plurality of first

layers comprise a different material than the scintillator

material; and

wherein the one or more materials of the plurality of' second

layers comprise a different material than the scintillator

material.

2. The system as recited in claim 1, wherein the detector
comprises one or more of a photomultiplier and a photodiode.

3. The system as recited in claim 1, wherein the waveguide
surrounds all sides of the scintillator material except a side of
the scintillator material coupled to the detector.

4. The system as recited in claim 1, wherein each of the
interfaces are characterized as reflecting light having a wave-
length in a predetermined spectral range.

5. The system as recited in claim 1, wherein a layer of the
waveguide closest to the scintillator material is characterized
by a refractive index characterized by a value difference of at
least 0.1 relative to a refractive index of the scintillator mate-
rial.

6. The system as recited in claim 1, wherein the waveguide
reflects at least 95% of all light emitted from the scintillator
material into the waveguide back into the scintillator material.

7. The system as recited in claim 1, wherein the detector
receives at least 95% of light emitted from the scintillator
material into the waveguide.

8. The system as recited in claim 1, wherein the scintillator
material is characterized by a lower refractive index than a
refractive index of a layer of the waveguide closest to the
scintillator material.

9. The system as recited in claim 1, wherein the scintillator
material is characterized by a higher refractive index than a
refractive index of a layer of the waveguide closest to the
scintillator material.

10. The system as recited in claim 1, wherein each interface
separates layers having highly divergent refractive indices
from each other.

11. The system as recited in claim 1, wherein the
waveguide is characterized as reflecting light in a predeter-
mined spectral range of from about 375 nm to about 475 nm.

12. The system as recited in claim 1, wherein the
waveguide is configured to reflect light over an entire angular
domain from -90 degrees to 90 degrees, and
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wherein 0 degrees of the angular domain corresponds to a
direction normal to a surface forming a boundary
between the waveguide and air.

13. The system as recited in claim 1, wherein each layer has

a thickness t of no less than about A/4, wherein A is a wave-
length of light desired to be reflected in a material from which
the layer is composed.

14. The system as recited in claim 1, wherein the
waveguide is transparent to incident radiation of a predeter-
mined type.

15. The system as recited in claim 1, wherein the
waveguide comprises at least 10 layers.

16. The system as recited in claim 1, wherein the scintilla-
tor material comprises one or more of a polymer and a crystal.

17. The system as recited in claim 1, wherein the materials
having the refractive index in the first range and the materials
having the refractive index in the second range are each
selected from a group consisting of: silicon oxide, aluminum
oxide, titanium oxide, hafnium oxide, magnesium fluoride
and calcium fluoride.

18. The system as recited in claim 1, wherein the
waveguide is a dielectric mirror.

19. A method of forming the system as recited in claim 1,
the method comprising:

depositing alternating layers of the one or more materials
having the refractive index in the first range and the one
or more materials having the refractive index in the
second range on a substrate to form the waveguide; and

coupling the waveguide to at least one surface of the scin-
tillator material.

20. The method as recited in claim 19, wherein the cou-
pling comprises bonding the waveguide to every surface of
the scintillator material except a surface of the scintillator
material coupled to the detector.

21. The method as recited in claim 19, wherein the depos-
iting comprises one or more of electron-beam evaporation,
sputtering, atomic layer deposition, chemical vapor deposi-
tion and ion-beam deposition.
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22. The system as recited in claim 1, A system, comprising:
a scintillator material;
a detector coupled to the scintillator material; and
an omnidirectional waveguide coupled to the scintillator
material, the omnidirectional waveguide comprising:
a plurality of first layers comprising one or more mate-
rials having a refractive index in a first range; and
a plurality of second layers comprising one or more mate-
rials having a refractive index in a second range, the
second range being lower than the first range, a plurality
of interfaces being defined between alternating ones of
the first and second layers;
wherein the omnidirectional waveguide is characterized by
a transverse magnetic (TM) polarization reflectivity of
approximately 1.0 at a waveguide-air interface for light
generated by a scintillating event and having an incident
angle 0, selected from:
a first range of approximately —90°<60 ., ,=<-30°,
a second range of approximately —20°<0,,,<20°, and
a third range of approximately 30°<0 ., ,<90°.
23. A system, comprising:
a scintillator material;
a detector coupled to the scintillator material; and
a waveguide coupled to the scintillator material, the
waveguide comprising:
a plurality of first layers comprising one or more mate-
rials having a refractive index in a first range; and
a plurality of second layers comprising one or more
materials having a refractive index in a second range,
the second range being lower than the first range, a
plurality of interfaces being defined between alternat-
ing ones of the first and second layers;
wherein the waveguide is characterized by a transverse
magnetic (TE) polarization reflectivity of approximately
1.0 at a waveguide-air interface for light generated by a
scintillating event and having an incident angle 0,
selected from:
a first range of approximately —90°<0 ;z=-30°,
a second range of approximately —15°<0,,.<15° and
a third range of approximately 30°<0,,<90°.
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